Abstract: &&Title change ok?&& When applied to a pure component suspension in an apolar solvent, a strong inhomogeneous electric field induces particle movement, and the particles are collected at the surface of one of the two electrodes. This new phenomenon was used to separately isolate two organic crystalline compounds, phenazine and caffeine, from their suspension in 1,4-dioxane. First, crystals of both compounds were collected at different electrodes under the influence of an electric field. Subsequent cooling crystallization enabled the immobilization and growth of the particles on the electrodes, which were separately collected after the experiment with purities greater than 91 %. This method can be further developed into a technique for crystal separation and recovery in complex multicomponent suspensions of industrial processes.
Crystallization is an effective and efficient separation technology that can, in a single process step, recover desired compounds from solutions as high-purity (> 99 %) crystalline solids. [1] [2] [3] [4] However, such very pure products are difficult to obtain from a multicomponent solution, such as the product stream from a type-I multicomponent reaction (MCR) [5, 6] or a racemic mixture of chiral pharmaceutical compounds, [7] by direct crystallization as a mixed suspension is a likely result. Further purification of the solid phase usually requires additional steps (see Figure 1 a ), which will inevitably lead to the loss of valuable products. Alternatively, a single crystallization step coupled with simultaneous particle separation could diminish the product loss while enabling the effective recovery of a desired solute from a mixed solution.
Particle manipulation and subsequent separation can be achieved by the application of electromagnetic fields: A magnetic field can separate polymorphs (crystalline solids with different solid-state structures) to prepare seeds for large-scale crystallization provided that a suitable paramagnetic medium can be found. [8] Alternatively, an electric field has been used for the capture and manipulation of nanoparticles [9] and the assembly of colloid particles for the production of optically tunable micropatterns, biosensors, and biofuel cells, for example. [10] [11] [12] In all of these cases, the liquid phases did not contain any dissolved particle materials. On the other hand, electric fields have been used to localize protein crystallization and control its nucleation rate from a clear solution in the absence of any seed crystals. [13, 14] However, to date, the combination of particle manipulation by an electric field with a crystallization process for in situ product separation and recovery has, to the best of our knowledge, never been attempted. Herein, experimental proof is given for an electric-field-enhanced crystallization (EEC) process by which the two solutes from a multicomponent solution are separately recovered (Figure 1 b) .
When subjected to an inhomogeneous electric field, particles in a suspension experience dielectrophoretic (DEP) and possibly electrophoretic (EP) forces: DEP forces originate from the difference in the dielectric constants of the particles and the surrounding medium and drag the particles with the larger dielectric constant towards the location of the electric-field maxima, [15, 16] while EP forces, which work only on charged particles, are directed towards the electrode with the opposite charge. [17] To prevent electrochemical reactions, which would reduce the product yield, the current passed through a crystallizing suspension should be minimized. Meanwhile, the inhomogeneous field needs to be Dateiname: Z609832E Pagina:
sufficiently strong, and the dielectric constant of the solvent sufficiently small, to ensure the effective manipulation of crystals by the DEP force. Therefore, the apolar and nonconductive solvent 1,4-dioxane was used in this study. We first applied an inhomogeneous electrostatic field to a 6 mL isonicotinamide (INA) suspension in 1,4-dioxane (ca. 18 mg solid per mL solvent), which was generated by a direct current (DC) potential difference between two parallel rodshaped electrodes about 6 mm apart, which were immersed into the suspension. In the presence of a DC potential difference above approximately 2 kV, INA crystals started to move around the electrodes. More crystals participated in this circular movement with increasing potential difference. Furthermore, INA crystals gradually accumulated on the anode (Figure 2 ). Above a DC potential difference of about 5 kV, the amount of crystals collected at the anode was so large that a crystal bridge formed between the electrodes. Upon switching off the electric field, the collected crystals detached from the anode and moved back to the bottom. When a similar potential difference was applied to an INA solution in the absence of crystals, the solution-air interface was only slightly vibrating. No movement of liquid could be observed in pure 1,4-dioxane. This indicates that the motion of INA particles is, for a large part, related to the interaction of the crystals with the electric field. During the course of these experiments, no current larger than the detection limit of 0.01 mA was observed. No gas formation could be observed on either of the electrodes, indicating that the solute does not undergo significant electrochemical reactions.
Equivalent experiments were conducted with suspensions of other organic compounds in 1,4-dioxane. Table 1 reveals an interesting result: Particle motion was induced in all cases, and crystals accumulated on either the anode or the cathode. When the polarity of the two electrodes was reversed by changing the potential difference from + 7.5 kV to À7.5 kV, crystals that had accumulated on one electrode migrated to the other one; for example, INA crystals moved from the old anode to the new one instead of being attracted by both electrodes, which were symmetrically the two locations of field maxima. &&meaning unclear?&& This selective accumulation of crystals on only one electrode indicates the involvement of both DEP and EP forces: The non-uniform electrostatic field exerts a positive DEP on the crystals in the suspension, which triggers their motion towards the two electrodes. Even in apolar solvents, particle surfaces can be slightly charged [18] [19] [20] but the EP forces on the crystals become significant only in the vicinity of the electrodes. Crystals approaching the anode are further attracted until they settle on its surface while crystals close to the cathode are repelled. The repelled crystals continue to circulate until they are eventually captured by the anode. Subsequently, the entire crystalline mass accumulates on the surface of the anode. As particulate materials differ in their electronic properties, such as the dielectric constant and surface charge, the combined effect of DEP and EP forces can lead to the accumulation of the corresponding crystals on different electrodes, which enables the development of particle separation methods. [21] [22] [23] [24] However, in order to be collected from the solution, the accumulated crystals need to be immobilized on the electrode. This immobilization of crystals was realized by slowly cooling the suspension in the presence of the electric field. Upon cooling, the solubility decreased, and the accumulated particles could further grow on and adhered to the electrode surface. Two separate experiments (see Figure 3 , &&Figures renumbered. ok?&& experiments 1A and 1B) were performed on pure component suspensions of the model compounds phenazine (PHE) and caffeine (CAF). &&ok?&&
In experiment 1A, a suspension of PHE (ca. 26 mg solid per ml solvent) was prepared at 30 8C (see the Supporting Information for details). A DC potential difference of À7.5 kV was then applied between the two electrodes, and Figure 2 . An inhomogeneous static electric field induced fluid and particle dynamics above a DC potential difference of 2 kV in a suspension of INA in 1,4-dioxane. The INA crystals were collected at the anode, and above a DC potential difference of about 5 kV, a crystal bridge was formed between the electrodes. Although a magnetic stirrer bar was present in the vial, it was not used to stir the solution. Table 1 : The electrodes at which the crystals accumulated in experiments in which inhomogeneous electric fields of + 7.5 and À7.5 kV were applied to suspensions of various organic compounds in 1,4-dioxane. Upon changing the polarity, the crystals accumulated on the electrode that is electrochemically the same; that is, INA crystals moved to the new anode, for example.
Electrode
Crystalline compound the PHE crystals accumulated at the cathode surface within 1 min. In the presence of the electric field, the suspension was slowly cooled down in an oil bath to 15 8C in 3 h and then kept at this temperature overnight to allow for crystal growth. After approximately 15 h at 15 8C, the electric field was turned off; most of the PHE crystals were attached to the cathode surface (Figure 4 , left) and could be directly removed from the solution by withdrawing the electrode. The same procedure was applied to a CAF suspension in experiment 1B, and the corresponding crystals were collected from the anode (not shown).
Furthermore, the presence of another solute in the solution phase (see Figure 3 , experiments 2A and 2B and the Supporting Information) did not influence the behavior of the suspensions in the electric field. Similar to experiment 1B, in experiment 2A, CAF crystals were collected from the anode after cooling crystallization to 15 8C under the electric field from a solution with additional PHE present below its saturation concentration (Figure 4, right) . XRPD analysis of the crystalline product revealed the presence of CAF crystals only (see the Supporting Information). These experiments confirmed that the electric-field-induced particle capture combined with cooling crystallization can be used as an in situ recovery technique for a target system where only one compound is present in the solid phase.
At this point, the EEC process could be used to collect crystals of PHE and CAF from their suspensions, with or without the presence of another solute in the liquid phase. The final step then was to confirm that PHE and CAF crystals can also be separated during crystallization from their mixture by EEC. &&ok?&& A 6 mL 1,4-dioxane suspension containing both CAF (ca. 13 mg solid per ml solvent) and PHE (ca. 29 mg solid per ml solvent) crystals was prepared at 30 8C (experiment 3 in Figure 3 ; see the Supporting Information for details). In the presence of a À7.5 kV DC potential difference, crystals accumulated on the surfaces of both electrodes at 30 8C (Figure 5, left) . The suspension was then linearly cooled down to 15 8C in 3 h and kept at this temperature overnight while the electric field was kept constant. &&ok?&& Crystal layers of different shapes and colors were formed on both electrodes, reflecting the appearance of PHE (cathode) and CAF (anode) crystalline phases ( Figure 5, right) .
The crystals from the two electrodes were removed from the bulk solution, separately weighed for yield estimation, and then analyzed by XRPD and 1 H NMR spectroscopy to determine their compositions. From the anode, 27 mg of crystalline material was recovered, which consisted of 91.4 AE 2.2 wt % CAF. From the cathode, 177 mg of crystalline material was recovered, which consisted of 99.6 AE 2.4 wt % PHE (see the Supporting Information). The recovery yields for CAF and PHE were 20.9 % and 53.5 %, respectively ( Figure 6 ). The same experiment was duplicated, and lower yields but similar solid-phase purities to those reported above were obtained. This result confirmed that the combination of selective particle collection, induced by an inhomogeneous electric field, with cooling crystallization can indeed be used to separate and simultaneously remove two compounds from their mixture. &&ok?&&
In conclusion, a separation technique that is based on coupling particle manipulation by an inhomogeneous electrostatic field and cooling crystallization, here referred to as electric-field-enhanced crystallization (EEC), has been devel- oped. We have shown that EEC can be employed to separate two solutes in crystalline form from their multicomponent mixture. Although EEC is a promising technique, it still requires further development and optimization. An improved design of the cell should improve the relatively low yield of the collected particles caused by the setting of some of the crystals at the bottom of the vial despite the presence of the electric field (see Figure 5 , right) or the loss of some crystalline material at the cathode that was scrubbed off into the solution owing to the narrow vial opening. Optimizing the electric field geometry and electrode design, based on an improved understanding of the combined effect of DEP and EP in an EEC process, is also bound to improve the yield. Impurities present in the crystalline phases may have been the result of adhering mother liquor between crystals during sampling, which subsequently crystallized out upon removing the solvent by drying the crystalline product. Our results raise several questions concerning the effect of the electric field on crystallization kinetics, the variety of suitable solvents and crystallizing compounds, and electrochemical process engineering design and scale-up.
Experimental Section
Phenazine (98 %, Sigma), caffeine (99 %, Sigma), isonicotinamide (99 %, Sigma), niflumic acid (99 %, Sigma), and 4-hydroxybenzoic acid (99 %, Sigma) were used as received. The insulator solvent was chosen to be anhydrous 1,4-dioxane (99.8 %, Sigma). All chemicals were used without further purification.
The yield (y) of recovery was calculated according to Equation (1):
where m (mg) is the mass of crystals A (either CAF or PHE) collected from either of the electrodes, c t (mg mL À1 solvent) is the overall concentration of A in the mixed suspension, c* (mg mL À1 solvent) is the solubility of A in the mixture at the temperature at which the crystals were collected, and V (mL) is the solvent volume. Crystallization from a multicomponent mixture requires additional steps for product purification. The application of an inhomogeneous electric field on a mixed suspension enables simultaneous particle separation and crystal growth. Crystals of the two solutes (CAF = caffeine, PHE = phenazine) are then separately collected from the two electrodes.
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